To understand the molecular mechanisms involved in the effect of exercise training, we examined hepatic transcriptional profiles using cDNA microarrays in exercise-trained and untrained mice with diet-induced obesity. C57BL/6J male mice (n ϭ 10/group) were fed with a normal diet, high-fat diet (HFD), or HFD with exercise training for 12 weeks. The expression level of ϳ10,000 transcripts in liver tissues from each group was assessed using cDNA microarray analysis. Exercise training improved lipid profiles and hepatic steatosis and decreased body fat mass induced by the HFD. Seventy-three genes were differentially expressed in the HFD-and/or HFD with exercise training-treated groups, compared with the normal diet-and HFD-fed groups, respectively. Interestingly, the expression profiles involved in metabolism, such as elongation of very long chain fatty acids-like 2, lipin, and malic enzyme, were changed by exercise training. In addition, expression of genes altered by exercise training related to defense and stress response, including metallothionein 1 and 2 and heat shock protein, showed interesting findings. Our study showed beneficial effects of exercise training in preventing the development of obesity and metabolic disorders in mice with diet-induced obesity.
for extended periods can lead to the development of obesity and diabetes (1) , adversely affecting the health of humans and experimental animals (1, 2) . To elucidate the effects of exercise on obesity induced by HFD, we studied liver tissues in C57BL/6J mice because the liver plays an integral part in the physiology of exercise. This organ supplies energy substrates to peripheral tissues by the Cori cycle and glycogen catabolism and is important for detoxification.
Exercise training is known to improve the metabolic profile, including reduced hepatic accumulation of total fat and cholesterol in rats fed an HFD (3) . Furthermore, exercise regulates the gene expression related to metabolism, defense, and stress responses (3) (4) (5) . However, the results in most cases have been obtained in a gene-by-gene manner. For this reason, we chose the microarray approach as a global analysis of the genetic basis for the relationship between exercise and obesity. Therefore, we used cDNA microarray, containing ϳ10,000 mouse transcripts. Some of them were already known to be sensitive to exercise in an obesity model. However, others have been newly identified. We describe important new effects of exercise on the expression of genes related to energy metabolism, defense, and stress responses.
Weight-related and biochemical parameters in C57BL/6J mice are shown in Table 1 . After treatment for 12 weeks, the HFD with exercise training (HFD ϩ Ex) group showed decreases in weight-related parameters such as final body weight, liver weight, and relative weights of abdominal fat and back fat, which were increased by the HFD (p Ͻ 0.05, respectively). The accumulation of serum total cholesterol, low-density lipoprotein-cholesterol, and leptin because of the HFD was lower in the HFD ϩ Ex-treated group (p Ͻ 0.05, respectively).
Only those genes whose mRNA levels were changed Ͼ2.0-fold and considered significantly altered by significant analysis of microarray (SAM) method (6) were designated as differentially expressed. By these criteria, 73 genes were differentially expressed in the HFD-and/or HFD ϩ Ex-treated groups, compared with the normal diet (ND)-and HFD-fed groups, respectively (Tables 2 to 4 ). Of the 62 gene transcripts altered in the HFD-fed mice, 38 were completely normalized by exercise (Table 2 ). These included genes related to fatty acid biosynthesis such as elongation of very long chain fatty acids-like 2. This downregulated gene in the HFD-fed mice was normalized by exercise training. Hepatic genes related to defense or detoxification responses, such as metallothionein (MT) 1 and 2, which are antioxidant factors that protect various tissues including liver (7), had lower levels of expression in the HFD group than in ND group, and their decreased expressions were normalized by exercise training. In contrast, several genes encoding mediators of immune responses or molecular chaperones displayed increased expressions in the HFD-fed mice, but their increased expressions were moderated by exercise training. These genes included the heat shock 70-kDa protein 5 families. The gene-encoding enzymes of electron transport such as P450 (cytochrome) oxidoreductase were lower in the mice fed the HFD than in those fed the ND but were normalized in the mice treated with the HFD ϩ Ex. Solute carrier family 7, a cationic amino acid transporter, which interacts with endothelial nitric oxide synthase (8) , was also down-regulated by the HFD but remained normal with exercise training.
Eleven gene transcripts were altered by HFD and exercise training but not by HFD alone (Table 4) . HFD did not affect malic enzyme, which is implicated as a lipogenic enzyme, and this gene was down-regulated by HFD and exercise training. Lipin 1, which is a regulator for normal induction of the adipogenic gene (9) , was increased by exercise but did not change in the HFD group. Serum amyloid P-component (Apcs), which is one of the acute phase responses (10), was decreased in HFD ϩ Ex-treated group but was not altered in the HFD group.
Changes in gene expression discovered by cDNA microarray analysis were further confirmed by analyzing four known genes by reverse transcription (RT)-polymerase chain reaction (PCR). When gene expression profiles ob- tained by microarray analysis and RT-PCR were compared, their patterns came out to be changed in similar directions and degrees ( Figure 1 ). Expression levels of peroxisome proliferator-activated receptor (PPAR) ␣, PPAR␥, carnitine palmitoyl transferase (Cpt)1 liver, and Cpt2, which were not spotted on the microarray or were rejected according to technical criteria of the microarray, were also examined using RT-PCR. The expression of these genes was increased in the HFD-fed mice, and these increases were augmented by exercise training (Figure 1 ). Of the 16 metabolism-related genes affected by HFD treatment, the expressions of five genes were maintained at normal level with exercise training. Of them, elongation of very long chain fatty acids-like 2, which is involved in fatty acid biosynthesis, was decreased by the HFD but remained normal when exercise training was added. Unfortunately, due to limited transcripts, we could not detect several known metabolism-related genes in the obesity model. These genes included PPARs and Cpts. PPAR␣ is a pivotal regulator of lipid metabolism, stimulating ␤-oxidation of polyunsaturated fatty acids in peroxisomes and of saturated fatty acids in mitochondria (11) . Also, PPAR␥ has been identified as a potential regulator of skeletal muscle fatty acid metabolism (12) . The gene expression of PPARs increased Ͼ1.0-fold in HFD-fed mice, and their increases were augmented by exercise training. Cpts, which are PPAR-regulated enzymes, also showed similar expression patterns. Therefore, it might be assumed that the increased expression of Cpts by exercise may be effective in controlling obesity. Another study of exercise training and antilipogenic effects demonstrated changes in malic enzyme gene expression. Malic enzyme, which is a lipogenic enzyme, was decreased by exercise training. There is a possibility that these changes may be related to the augmentation of weight-related changes induced by the HFD and biochemical effects of exercise training.
One of the most interesting findings from the microarray data was that gene-related stress responses between MT and heat shock protein (HSP) expressions were contrary to each other. We suggest that this finding may be a result of the interaction between antioxidant and repair systems. First line antioxidant systems such as superoxide dismutase, catalase, glutathione peroxidase, and Mt, as seen in the present study, were stimulated during training (13, 14) . Moderate regular exercise such as swimming in the present experiment induces so much first line protection against reactive oxygen species that a secondary repair system like HSP can be partly shut down (15) . In addition to HSP and Mt, Apcs, which is an acute-phase response protein like C-reactive protein, was reduced by exercise training in obese mice fed HFD. A few studies have shown that Apcs response increases after various insults such as infection and injury in liver (10) . However, none of these studies reported on the effects of exercise training or acute exercise. Therefore, to our knowledge, this is the first finding that exercise training may increase Apcs in fatty liver induced by HFD. According to these results, exercise training might attenuate the inflammatory response.
In conclusion, the present study demonstrated that exercise training regulates the expression of many genes related to metabolism, stress and defense, transport, etc. in obese mice. The unbiased approach toward characterization of gene expression in the present study indicates that previously unappreciated transcripts play significant roles in the development, inhibition, and maintenance of the obesity phenotype in vivo. In addition, these transcriptional regulations by exercise training have beneficial effects in this animal model of obesity.
Research Methods and Procedures

Animals, Diet, and Exercise
This study was conducted in conformity with the policies and procedures of the Institutional Animal Care and Use Committee of Jeonbuk National University (Jeonbuk, Korea). Four-week-old C57BL/6J male mice were obtained from the Jeonbuk National University animal laboratories and housed individually in stainless steel wire mesh cages in a room kept at 23 Ϯ 1°C with a 12-hour light/dark cycle (light period, 8 AM to 8 PM). After familiarization with the facility for 1 week, mice were randomly assigned to one of three groups for 12 weeks (n ϭ 10, respectively): ND, HFD, or HFD ϩ Ex. In the HFD, fat supplied 35% of total energy, compared with 4% fat in the ND [ND: cornstarch, 315 g/kg diet; sucrose, 350 g/kg diet; maltodextrin, 35 g/kg diet; lard, 20 g/kg diet; soybean oil, 25 g/kg diet; casein, 200 g/kg diet; HFD: cornstarch, 0 g/kg diet; sucrose, 68.8 g/kg diet; maltodextrin, 125 g/kg diet; lard, 245 g/kg diet; soybean oil, 25 g/kg diet; casein, 200 g/kg diet (16) ]. The diets were based on modified recommendations of the American Institute of Nutrition (16) . Mice had free access to both food and distilled water, which were provided fresh every day. Food intake and body weights were recorded every day and every other day, respectively. The HFD ϩ Ex mice were made to swim in an acrylic plastic pool (90 ϫ 45 ϫ 45 cm) filled with water (maintained at 34°C) to a depth of 38 cm (17) . The exercise group completed 12 weeks of swimming exercise in the swimming pool, where they swam for 1 h/d at a 4l/min flow rate, and swimming exercise was carried out every day at the same time of the day. For familiarization, the mice in the exercise group swam at zero flow rate during the 1st week.
Sample Collection and Analytical Procedure
Feed was removed 12 hours before sacrificing. Blood samples were collected from each mouse by orbital venipuncture and incubated on ice water for 1 hour. Serum was Exercise-Gene Interactions in Obesity, Lee et al. prepared by the centrifugation of blood at 1000g for 15 minutes at 4°C and stored at Ϫ80°C until analysis. Immediately after the mice were killed by exsanguination, livers were perfused in situ with ice-cold saline, collected, and weighed. Three portions (ϳ1 grams each) from each liver were frozen immediately in liquid N 2 and stored at Ϫ80°C until the preparation of RNA and lipid. Lipid values were measured using standardized procedures, as previously described (18) . Serum leptin concentration was analyzed with a radioimmunoassay kit (Linco Research Inc., St. Louis, MO). Total carnitine in serum and liver was assayed using a modified version of the radioisotopic method.
Microarray Analysis
The mouse 10K cDNA microarray used in the present study consisted of 10,336 spots, as previously described (18) . Total RNA was isolated from livers using Trizol (Invitrogen, Carlsbad, CA). Fluorescence-labeled cDNA probes were prepared from 20 g of total RNA using an amino-allyl cDNA labeling kit (Ambion, Austin, TX). Equal amounts of the RNA from six mice of each group were mixed, and each sample was equally divided; one-half was used to generate Cy3-labeled cDNA, and the other one-half was used to generate Cy5-labeled cDNA for dye swapping. The Cy5 and Cy3 probes were mixed, and hybridization was carried out at 55°C for 16 hours. The two fluorescent images (Cy3 and Cy5) were scanned separately by a GMS 418 Array Scanner (Affymetrix, Santa Clara, CA), and the image data were analyzed using ImaGene 4.2 (Biodiscovery, El Segundo, CA) and MAAS (Gaiagene, Seoul, Korea) software. For each hybridization, the emission signal data were normalized by multiplying the Cy3 signal values by the ratio of the means of the Cy3 and Cy5 signal intensities for all spots on the array. To eliminate the unreliable data, the previously described criteria were adopted (18) .
Semiquantitative RT-PCR
To confirm the cDNA microarray analysis, RT-PCR was performed for nine genes. The first strand cDNA was generated from 2 g of total RNA by RT with 1 L of poly dT primer (12 to 18 mer) and 50 U of SuperScript II RNase H Ϫ Reverse Transcriptase in a 20-L reaction mixture (Life Technologies Inc., Gaithersburg, MD). The following sets of primers were used: Mt1 forward, 5Ј-CACCAG-ATCTCGGAATGGAC-3Ј, reverse, 5Ј-CGGTAGAAAA- 
